Liu Y, Fatheree NY, Mangalat N, Rhoads JM. Lactobacillus reuteri strains reduce incidence and severity of experimental necrotizing enterocolitis via modulation of TLR4 and NF-B signaling in the intestine. Am J Physiol Gastrointest Liver Physiol 302: G608 -G617, 2012. First published December 29, 2011 doi:10.1152/ajpgi.00266.2011 is the leading gastrointestinal cause of mortality and morbidity in the premature infant. Premature infants have a delay in intestinal colonization by commensal bacteria and colonization with potentially pathogenic organisms. Lactobacillus reuteri is a probiotic that inhibits enteric infections, modulates the immune system, and may be beneficial to prevent NEC. In previous studies, L. reuteri strains DSM 17938 and ATCC PTA 4659 differentially modulated inflammation in vitro; however, the strains had equivalent anti-inflammatory responses in LPS feeding-induced ileitis in neonatal rats in vivo. The impact of these two strains in the prevention of NEC has not been previously investigated. NEC was induced in newborn rats by orogastric formula feeding and exposure to hypoxia. L. reuteri was added to the formula to prevent NEC. NEC score, Toll-like receptor (TLR)-signaling genes, phospho-IB activity, and cytokine levels in the intestine were examined. Both strains significantly increased survival rate and decreased the incidence and severity of NEC, with optimal effects from DSM 17938. In response to probiotic, mRNA expression of IL-6, TNF-␣, TLR4, and NF-B was significantly downregulated, while mRNA levels of anti-inflammatory cytokine IL-10 were significantly upregulated. In parallel, L. reuteri treatment led to decrease intestinal protein levels of TLR4 and cytokine levels of TNF-␣ and IL-1␤ in newborn rats with NEC. Both strains significantly inhibited not only intestinal LPS-induced phospho-IB activity in an ex vivo study but also decreased the levels of phospho-IB in the intestines of NEC rat model. Cow milk formula feeding produced a similar but milder proinflammatory profile in the intestine that was also ameliorated by 17938. Our studies demonstrate that each of the two L. reuteri strains has potential therapeutic value in our NEC model and in enteritis associated with cow milk feeding. These results support the concept that L. reuteri may represent a valuable treatment to prevent NEC.
ture infant has been shown to have incompletely developed gastrointestinal motility and digestion (4), circulatory regulation (41, 43) , and barrier function (35, 39) . Additionally, the premature infant's intestinal defense mechanisms may be poorly regulated (7, 10) . Preterm infants are colonized by low numbers of beneficial bacteria, such as bifidobacteria and lactobacilli, but have high numbers of potentially pathogenic bacteria due to treatment with antibiotics, artificial enteral feeding, and the introduction of hospital-associated microbiota (34) . This microbiota, which includes enterobacteriaciae and Staphylococci, may contribute to an increase in inflammation.
The gut microbiota is a major regulator of the immune system. Late acquisition of gut bacteria or a reduced complexity of the microbiota may delay immune maturation (2) . Probiotics (live microorganisms that, when ingested, produce a therapeutic or preventative health benefit; Ref. 57) may have the opposite effect. There is emerging clinical evidence for the beneficial effect of probiotics in preventing and/or treating gastrointestinal diseases, including necrotizing enterocolitis (12) .
Lactobacillus reuteri is a promising therapy for many different conditions, including diarrheal disease (47) , infantile colic (49) , eczema (1) , and Helicobacter pylori infection (21) . L. reuteri was originally isolated from a Peruvian woman's breast milk and may be present in normal humans on the mucosa of the gastric corpus and antrum, duodenum, and ileum (44, 56) . L. reuteri produces a potent antibacterial compound, reuterin, which is capable of inhibiting the growth of a wide spectrum of microorganisms (53) . L. reuteri also modulates TNF-␣ production from bacterial lipopolysaccharide (LPS)-activated monocytoid cells in a strain-dependent manner (22, 28) . L. reuteri strain ATCC 55730 and CF48 -3A did not suppress TNF-␣ production, whereas ATCC PTA 6475-and ATCC PTA 5289 suppressed TNF-␣ production by LPSactivated monocytoid cells. In our studies, L. reuteri strains DSM 17938 and ATCC PTA4659 both significantly reduced intestinal mucosal levels of KC/GRO (ϳIL-8) when newborn rats were fed cow milk formula plus Escherichia coli LPS. In addition, both strains improved LPS-induced intestinal morphological damage, including villus length and density (29) . The impact of these two specific L. reuteri strains in the prevention of NEC, a more severe condition, has not yet been investigated.
In this study, we show evidence that L. reuteri stains reduce intestinal inflammation in an experimental model of NEC via inhibiting a Toll-like receptor-4 (TLR4) signaling pathway that leads to cytokine expression.
MATERIALS AND METHODS
Bacterial strains and preparation. Human-derived L. reuteri strains DSM 17938 and ATCC PTA 4659 were provided by Biogaia (Stockholm, Sweden). L. reuteri DSM 17938 was derived from L. reuteri ATCC 55730 from a Peruvian mother's milk by removal of the two plasmids harboring antibiotic penicillin resistance genes (46) . ATCC PTA 4659 was isolated from the breast milk of healthy Finnish women (52) . Lactobacillus acidophilus DDS (La DDS; kindly provided by Dr. David R. Mack, Children's Hospital of Eastern Ontario, Ontario, Canada) and non-lactobacillus strain E. coli DH5␣ (purchased from GIBCO, Bethesda Research Laboratory) were used as control bacteria. L. reuteri was anaerobic cultured in deMan-RogosaSharpe (MRS; Difco, Detroit, MI) medium at 37°C for 24 h and then plated in MRS agar at specific serial dilutions and grown at 37 o C for 48 -72 h. Quantitative analysis of bacteria in culture media was performed by comparing absorbance (at 600 nm) of cultures to known concentrations, using a standard curve of bacterial colony-forming units (CFU) per milliliter grown on MRS agar (using an Eppendorf Photometer; Eppendorf, Hamburg, Germany). Bacteria in culture media were harvested by centrifugation at 1,500 g for 15 min and were resuspended in formula before feeding.
Animal model and experimental design. We studied newborn Sprague-Dawley rat pups (Harlan Laboratories, Indianapolis, IN) weighing 5-6 g. Studies were approved by the Animal Welfare Committee of the University of Texas Health Science Center at House (HSC-AWC-07-124). Litters of newborn rats were separated from their dams after they suckled for 12 h. Then rat pups were housed in an incubator and were then starved for 12 h before the initiation of formula feeding (day 1) with 100 -200 l, four times daily for 3 days. The formula consisted of 15 g Similac 60/40 (Ross Pediatrics, Columbus, OH) in 75 ml of Esbilac canine milk replacement (Pet-Ag, Hampshire, IL; Ref. 30 ). This technique was developed by Caplan and Jilling (6) and Nadler et al. (36) . NEC were induced by formula feeding by gavage and exposure to 10 min of hypoxia (5% oxygen-95% nitrogen) three times daily in a Modular Incubator Chamber (Billups-Rothenberg, Del Mar, CA) for 3 days. Experiments included seven groups: 1) dam fed, in which the pups were left with their mothers (n ϭ 22); 2) formula fed (n ϭ 31); 3) NEC (n ϭ 46); 4) NEC ϩ 17938, in which rat pups were fed with formula containing DSM 17938 (10 6 CFU·g body wt Ϫ1 ·day Ϫ1 ) followed by hypoxia (n ϭ 38); 5) NEC ϩ 4659, in which rat pups were fed with formula containing ATCC PTA 4659 (10 6 CFU·g body wt Ϫ1 ·day Ϫ1 ) followed by hypoxia (n ϭ 36); 6) formula ϩ 17938 (n ϭ 22); and 7) formula ϩ 4659 (n ϭ 17). Pups were euthanized at day 4 after live animal numbers were counted. In some cases, pups in the NEC group were euthanized on day 3, when severe signs of NEC were observed.
In ex vivo experiments, the terminal ileum from each newborn rat was transiently cultured in an antibiotic-free complete DMEM (Invitrogen, Carlsbad, CA) at 37°C, 5% CO2, and 100% humidity. Tissues were treated with probiotics (strain17938 or strain 4659) or control bacteria (La. DDS or E. coli DH5␣; 3-4 ϫ 10 7 CFU) for 4 h and washed with PBS, pH 7.4; subsequently, we added LPS from E. coli subtype 0111:B4 (Sigma, St. Louis, MO) at 100 g/ml for 30 min. These LPS-exposed tissues were compared with matched tissues that were not exposed to LPS or probiotic and were subsequently studied for evidence of phospho-IB (activation of the NF-B pathway; see below). In another set of ex vivo experiments, tissues were fixed in formalin after 4 h to evaluate for histological changes.
Tissue harvest and NEC evaluation. Following incision of the abdomen, the gastrointestinal tract was carefully removed. The small intestine was evaluated visually for typical gross signs of NEC, such as intestinal distension, wall hemorrhage, or necrosis. The last 4 cm of terminal ileum was excised. Part of ileum for each animal was washed with PBS and fresh frozen immediately in liquid nitrogen for RNA and protein isolation. Part of each sample was formalin fixed and processed by the Cellular and Molecular Morphology Core Laboratory (the Texas Medical Center Digestive Disease Center, Houston, TX) and stained with hematoxylin and eosin for histological evaluation.
Pathological changes in intestinal architecture were quantified using a modified NEC scoring system (15, 36) . Histological changes in the ileum were scored by a blinded evaluator on a scale of 0 (normal), 1 (mild, separation of the villous core, without other abnormalities), 2 (moderate, villous core separation, submucosal edema, and epithelial sloughing), and 3 (severe, denudation of epithelium with loss of villi, full-thickness necrosis). Animals with histological scores Ն2 were defined as having NEC.
Tissue preparation for Western blot, cytokines, and phospho-IB assays. Ileal tissues were homogenized in 0.4 ml of lysis buffer containing protease inhibitors with 20 mmol/l Tris·HCl (pH 7.5), 150 mmol/l NaCl, 1 mmol/l Na 2EDTA, 1 mmol/l EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mmol/l sodium pyrophosphate, 1 mmol/l ␤-glycerophosphate, 1 mmol/l sodium orthovandadate (Na 3VO4), 1 g/ml leupeptin, 1 g/ml aprotinin, and 1 mmol/l PMSF. The homogenates were centrifuged at 14,000 g for 10 min at 4°C after incubation on ice for 30 min. The collected supernatants were used to measure the levels of total protein using Bio-Rad Dc Protein Assay (Bio-Rad Laboratories, Hercules, CA). To detect the expression levels of TLR4, phospho-IB, and total IB by Western immunoblot analysis, proteins (50 g/lane) were immunoblotted with mouse anti-TLR4 IgG2b monoclonal antibody (Imgenex; IMG-5031A, 2 g/ml), rabbit anti phospho-IB-␣ (Ser 32;14D4) antibody (Cell Signaling, 1:1000), rabbit anti-IB-␣ (C-21) antibody (Santa Cruz Biotechnology; 2 g/ml), and goat anti-actin (I-19) antibody (Santa Cruz Biotechnology; 0.2 g/ml) for 12 h at 4°C. After incubation with goat anti-mouse (or rabbit) or bovine anti-goat IgG conjugated to horseradish peroxidase (Bio-Rad; 1: 5,000) for 1 h at room temperature, immunoreactive bands were visualized by chemiluminescence (ECLϩ; GE Bioscience) on X-ray film and were densitometrically analyzed with Kodak 1D Image (Eastman Kodak, Rochester, NY). Cytokines were assessed by using MSD rat multiplex kit (Meso Scale Discovery, Gaithersburg, MD). Cytokine levels were reported as picograms of cytokine per milligram total protein. Phospho-IB levels were determined, in ex vivo experiments by using an antibody to phospho-IB (Ser32) STAR ELISA kit (Millipore, Temecula, CA). The level of phospho-IB in tissue lysates was expressed as units of phospho-IB per milligram total protein (U/mg). All assays were performed using manufacturers' protocols.
Analysis of mRNA expression by quantitative real-time RT-PCR. RNA was isolated from frozen tissue samples using Trizol (Invitrogen, Carlsbad, CA), followed by RNA purification and OnColumn DNase digestion (Qiagen, Valencia, CA) according to the manufacturer's protocols. Quantitative (q)RT-PCR was performed with the rat TLR signaling pathway RT 2 profiler PCR and SYBR green/ROY qPCR master mix (Qiagen-SABiosciences, Valencia, CA). All qRT-PCR reactions were run in the Quantitative Genomics Core Laboratory (UTHSC-Houston Medical School, Houston, TX) utilizing a 7700 Detector (Applied Biosystems, Foster City, CA). The threshold cycle (Ct) value for each well was obtained using the instrument's software. Data analysis by the ⌬⌬Ct method was automated (PCR Array Data Analysis Web Portal provided by Qiagen-SABiosciences). To determine changes in gene expression, normalized expression of each gene of interest (GOI) in the experimental sample was divided by the normalized expression of the same GOI in the control sample and expressed as fold increase or decrease. Eighty-four GOIs in TLR signal pathway were assessed. Three housekeeping genes (HKG) were used: ribosomal protein large P1 (Rplp1, NM_001007604); ribosomal protein L13A (Rpl13a, NM_173340); and actin (Actb, NM_031144). We used the average Ct value of HKGs that were not influenced by our experimental conditions for normalization with the ⌬⌬Ct method. The calculation was as follows: 2
Ϫ⌬⌬Ct ϭ 2
control. In our study, the fold changes of transcripts in the intestine of groups of NEC ϩ 17938 (n ϭ 7) or NEC ϩ 4659 (n ϭ 6) were compared with the changes in NEC group (n ϭ 6).
To monitor the quality of tested samples, the controls for genomic DNA, reverse transcription, and a positive PCR were examined simultaneously. All samples passed the tests for quality control. Statistics. Experimental results are expressed as means Ϯ SE. Statistical analyses were performed using one-way ANOVA (GraphPad Prism 4.0; GraphPad Software, San Diego, CA). Dunnett's and Tukey's multiple-comparison tests were used for comparison of multiple groups with a control group. A P value of Ͻ 0.05 was considered statistically significant.
RESULTS

L. reuteri increases the survival rate of rat pups with NEC.
Feeding L. reuteri DSM 17938 or ATCC PTA 4659 to neonatal rats with NEC significantly increased survival rate compared with rats exposed to the NEC protocol without probiotic; improved survival was seen on days 3 and 4. Survival on day 3 was 86.8% in rats with NEC that were fed 17938 (P Ͻ 0.001), 75% in rats with NEC that were fed 4659 (P Ͻ 0.05), and 45.6% in rats with NEC without probiotics. Survival on day 4 was 68.4% in rats with NEC that were fed 17938 (P Ͻ 0.01), 36.1% in rats with NEC that were fed 4659 (P Ͻ 0.05), and 10.8% in rats with NEC without probiotics ( Fig. 1) . Survival was greater with strain 17938 than with 4659 on day 4 (P Ͻ 0.05).
In separate studies of rat pups fed with formula with or without L. reuteri strains without hypoxia, we found that mortality in formula-fed rats was also reduced by strain 17938 at both days 3 and 4 (100% survival in formula-fed rats receiving strain 17938 vs. 70.9% in formula-fed rats receiving no probiotic; P Ͻ 0.05; Fig. 2 ).
L. reuteri reduces the incidence and severity of NEC.
Intestines for evaluation of histological changes were obtained only from living animals on day 4. However, tissues were collected on day 3 for the purpose of comparison in some groups with severe NEC. Morphologic analysis of ileal segments from formula-fed animals with/without hypoxia revealed various degrees of inflammatory changes ranging from villus core separation and submucosal edema to epithelial sloughing and necrosis (Fig. 3) . In contrast, dam-fed pups had normal intestinal architecture and rarely showed any inflammatory changes. The severity of NEC was evaluated by histological NEC score in the ileum and graded as 0 to 3. Animals with histological scores of Ն2 were defined as having NEC. The incidence of histological NEC was significantly higher in NEC (formula ϩ hypoxia) group (11/14, 78%) compared with either dam-fed (0/22, 0%) or formula-fed (4/22, 18%) rat pups (P Ͻ 0.01).
Feeding L. reuteri to neonatal rats exposed to experimental NEC significantly reduced the incidence of histological NEC to 34% (9/26) in NEC-exposed pups fed L. reuteri strain 17938 and 36% (7/19) in NEC-exposed pups fed L. reuteri strain 4659, compared with NEC without probiotic (78%, 11/14; P Ͻ 0.05; Table 1 ). In addition, the severity of NEC also decreased with administration of either strain 17938 or 4659, demonstrating that probiotic administration shifted intestinal damage from severe to mild, as indicated by NEC score changing from 3 to 1. In the NEC group, 42.9% (6/14) had a NEC score of 3 compared with 11.5% (3/26) in the NEC ϩ L. reuteri strain 17938 group or 10.5% (2/19) in the NEC ϩ L. reuteri strain 4659 group. Conversely, a score of 1 was seen in ϳ46% of animals in NEC ϩ L. reuteri strain 17938 (12/26) or NEC ϩ L. reuteri strain 4659 (9/19), compared with 7.1% (1/14) in pups with NEC that were not given L. reuteri (Table 1 ). The average NEC score was 2.1, which was decreased to 1.2 by treatment with strain 17938 and 1.3 by treatment with strain 4659 (Table 1) . Fig. 1 . Survival rate of rat pups with necrotizing enterocolitis (NEC) compared with NEC pups that were supplemented with Lactobacillus reuteri strains. Newborn rats were separated from their mothers and housed in an incubator. NEC was induced by formula feeding plus exposure to hypoxia (5% oxygen-95% nitrogen for 10 min, 3 times per day) from days 1 to 3 (indicated as arrow). Rat pups were euthanized on day 4 (indicated by "X"), and tissues were collected. L. reuteri strain DSM 17938 or ATCC PTA 4659 (10 6 CFU·g body wt
, where CFU is colony-forming unit) was added in formula for treatment. Groups studied were as follows: 1): NEC ϩ 17938 (n ϭ 38); 2) NEC ϩ 4659 (n ϭ 36); and 3) NEC ϩ no probiotic (n ϭ 46). Both strains reduced mortality rate on days 3 and 4 compared with NEC without probiotics. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, NEC ϩ 17938 or NEC ϩ 4659 vs. NEC without probiotic;
# P Ͻ 0.05, NEC ϩ 17938 vs. NEC ϩ 4659. Survival rate of rat pups with cow milk-based formula feeding compared with formula plus L. reuteri. Newborn rats were separated from their mothers and fed with formula (without hypoxia exposure) beginning on day 1 for 3 days (indicated with arrow). Rat pups were euthanized on day 4 (indicated by "X"). L. reuteri strain DSM 17938 or strain ATCC PTA 4659 (10 6 CFU·g body wt Ϫ1 ·day Ϫ1 ) was added in formula for treatment without hypoxia. Groups studied were as follows: 1) formula ϩ 17938 (n ϭ 22); 2) formula ϩ 4659 (n ϭ 17); and 3) formula alone (n ϭ 31). *P Ͻ 0.05.
Interestingly, we noted that formula feeding alone also produced mild to severe inflammatory histological changes. Of the formula-fed animals (without hypoxia) 31.8% (7/22) had normal ileal histology (score ϭ 0), 50% (11/22) had mild inflammation (score ϭ 1), 13.6% (3/22) had moderate inflammation (score ϭ 2), and 4.5% (1/22) had severe inflammation (score ϭ 3) (Table 1) .
L. reuteri downregulates expression of TLR-signal genes induced by NEC. In various models of inflammation, the activation of epithelial and leukocyte TLRs, combined with subsequent signaling events, leads to the pivotal event of NF-B activation, resulting in secretion of downstream products, especially inflammatory cytokines (26) . We examined the expression of 84 TLR-signal genes using qRT-PCR. Fold regulation (FR) of genes in the intestine of pups in the group (NEC ϩ probiotic) were compared with the group (NEC ϩ no probiotic). A cutoff value was defined as FR less than Ϫ2 indicating downregulation, and FR greater than 2 indicating upregulation.
We found out that five genes, including TLRs (TLR1 and TLR4), proinflammatory cytokines (IL-6 and TNF-␣), and nuclear factor related to B-binding protein (nfrb) were significantly downregulated by both strains in the intestines of rat pups of NEC model. However, the anti-inflammatory cytokine IL-10 was significantly increased by both 17938 and 4659 in the intestine of rats with NEC (Table 2 ). In addition, L. reuteri DSM17938 significantly inhibited mitogen-activated protein kinase 8 interacting protein 3 (Mapk8ip3; XM_220232; Ϫ2.5-fold) and upregulated NF-B inhibitor-␤ (Nfbib; NM_030867; 2.3-fold; P Ͻ 0.05), while ATCC PTA 4659 significantly inhibited myelin and lymphocyte protein (Mal; NM_012798; Ϫ2.5-fold; P Ͻ 0.05), which are all TLR-signalinteracting proteins. In summary, both genes that were upregulated by L. reuteri strains (IL-10 and Nfbib) are known to be associated with downregulation of inflammation (13) .
L. reuteri decreases the expression of TLR4 in the intestines of rat pups with NEC. To validate the effect of L. reuteri strains on the expression of TLR4 in the intestines of rat pups with NEC, protein levels of TLR4 were examined by Western immunoblot analysis (Fig. 4A) . We found increased relative intensities of TLR4 protein in rat pups with NEC compared with the dam-fed or formula-fed controls (P Ͻ 0.05; Fig. 4, A  and B) . The expression levels of TLR4 in pups with NEC were significantly decreased by feeding the rat pups with strain 17938 (P Ͻ 0.01) or 4659 (P Ͻ 0.001; Fig. 4, A and B) .
L. reuteri inhibits IB phosphorylation in the intestine during LPS exposure of ex vivo experiments and in experimental NEC. NF-B transcription complexes are present in an inactive form in the cytoplasm, bound to an inhibitor IB. The phosporylation, ubiquitination, and subsequent degradation of IB enables translocation of free NF-B into the nucleus, where it subsequently actives target genes and produce inflammatory responses (27) . Phosporylation of IB induced by LPS in IEC6 cells generally occurs as early as 15-30 min after treatment (17) . To confirm the inhibitory activity of probiotics on NF-B pathway, we treated small intestinal explants from newborn rats (day of life ϭ 0) with probiotic or control bacteria that included lactobacillus strain (La DDS) and a non-lactobacillus strain (E. coli DH5␣) followed by LPS stimulation in vitro. La DDS has been shown to be lacking the properties of adherence to epithelial cells, induction of mucin expression by intestinal epithelial cells, and inhibition of enteropathogenic E. coli epithelial cell adherence (31). Gram-negative E. coli DH5␣, which expresses very low levels of LPS, is also a nonpathogenic strain (3, 45) . Phosphorylated IB in the tissue lysates was then determined by using phospho-IB (Ser32) STAR ELISA kit. LPS, a component of Gram-negative bacteria, triggers inflammation by binding its cognate receptor (TLR4) on the surface of innate immune system sensory cells (macrophages) and/or enterocytes and stimulates production of proinflammatory molecules (37) .
We pretreated intact ileum from newborn rat was with probiotic DSM 17938 or ATCC PTA 4659 or one of the two control bacteria (3-4ϫ10 7 CFU) for 3-4 h, washed the tissues, and subsequently exposed them to LPS for 30 min. The tissues were homogenized ,and phospho-IB in the tissue lysate was assessed. Pretreatment with both strains of L. reuteri significantly inhibited LPS-induced IB activation (phosphorylation) in the intestine in newborn rats (P Ͻ 0.001), whereas pretreatment with control bacteria (La DDS or E. coli DH5) did not affect LPS-induced NFB activation (Fig. 5A) .
In the NEC model, expression of IB and phospho-IB in the intestines of rap pups were examined. We found that intestinal level of phospho-IB significantly increased in NEC. However, feeding rat pups either 17938 or 4659 significantly decreased the levels of phospho-IB in the intestines of rat pups with NEC (Fig. 5B) .
L. reuteri decreases inflammatory cytokine protein levels in the intestine of rats with NEC. Cytokines are key mediators in inflammation, and several cytokines are dysregulated in this disease (30, 51) . Gene expression of selected inflammatory cytokines in the terminal ileum was determined by RT-PCR. Proinflammatory IL-1␤, IL-6, IL-12, IL-18, and TNF-␣ are major cytokines associated with NEC pathogenesis and neonatal sepsis (18, 51) . Expression levels of IL-6 and TNF-␣ mRNAs in the intestines were significantly decreased in NEC treated with L. reuteri DSM 17938 or ATCC PTA 4659 compared with NEC without probiotic ( Table 2) .
Analysis of intestinal protein levels of TNF-␣ (Fig. 6A ) and IL-1␤ (Fig. 6B) indicated that 1) these proinflammatory cytokines significantly increased in the intestines of rat pups fed with formula compared with dam feeding (P Ͻ 0.01); 2) the levels of those cytokines further increased in rat pups exposed to NEC (P Ͻ 0.001 compared with dam-fed controls; P Ͻ 0.01 compared with formula-fed controls); and 3) feeding L. reuteri Newborn rats were randomized into 1 of the 5 groups as indicated above; n ϭ numbers of live animals from which tissue samples could be collected. Terminal ileum of each rat was harvested at day 4 [or day 3 for some of samples in necrotizing enterocolitis NEC group], fixed in formalin, and stained with hematoxylin and eosin. Morphological changes graded (0-3) were blinded to the treatment groups (see MATERIALS AND METHODS). 17938 and 4659, Lactobacillus reuteri strains DSM 17938 and ATCC PTA 4659. *P Ͻ 0.01 vs. dam or formula group; †P Ͻ 0.05 vs. NEC group. to rat pups with NEC significantly decreased cytokine levels compared with NEC without probiotics (P Ͻ 0.001 compared with NEC).
L. reuteri strain DSM 17938 decreases TNF-␣, IL-1␤ and IFN-␥ protein levels in the intestine of formula-fed rats.
We (30) previously found out that formula feeding without hypoxia increases the protein levels of several inflammatory cytokines in the intestines of newborn rats. In this study, we consistently observed increased cytokine levels in the intestinal tissue lysates of formula-fed rats compared with dam-fed rats, including TNF-␣ (P Ͻ 0.05), IL-1␤ (P Ͻ 0.001), and IFN-␥ (P Ͻ 0.01). We asked if L. reuteri treatment would reduce these levels in the formula-fed rat pups without hypoxia. We found that formula-associated (high) levels of proinflammatory cytokines (TNF-␣, IL-1␤, and IFN-␥) in the intestines of newborn rats could be suppressed by feeding L. reuteri strain DSM 17938 (all P Ͻ 0.05 compared with formula) but not consistently with L. reuteri strain ATCC PTA 4659 (Fig. 7) .
DISCUSSION
We examined the effects of human-derived probiotic L. reuteri strains DSM 17938 and ATCC PTA 4659 on experimental NEC. Our hypothesis was that different strains would differ in their anti-inflammatory effects in this disease. Previous studies from our laboratory (29) indicated that L. reuteri strains differentially modulate LPS-induced inflammation in vitro and in vivo. For example, even though L. reuteri strain DSM 17938 did not inhibit LPS-induced IL-8 production in cultured intestinal cells, all strains including DSM 17938 and ATCC PTA 4659 significantly reduced the intestinal levels of KC/GRO (ϳIL-8) when newborn rats fed with LPS and/or L. reuteri. Moreover, intestinal histological damage produced by LPS addition to the cow milk formula was also significantly reduced by those strains. Thus we went on to ask which of these strains could affect the development of NEC in newborn rats. In the present study, the important findings are the following: L. reuteri strains 1) significantly increased survival rate and reduced the incidence of severity of NEC; 2) decreased proinflammatory cytokine levels in parallel with inhibition of TLR4-signaling via the NF-B pathway; and 3) reduced mortality and intestinal inflammation due to cow milk formula feeding (strain 17938). In all studies, both L. reuteri strains DSM 17938 and ATCC PTA 4659 were effective in vivo.
NEC as an acute inflammatory disease. NEC is a devastating disease of neonates associated with high morbidity and mortality (19) . NEC generally occurs after the introduction of oral feedings in conjunction with initial bacterial colonization of the gut. Factors conferring a predisposition to NEC include an altered microbiota, inadequate intestinal barrier function, and intestinal hypoxia/ischemia (40) . Clinical observations suggest excessive inflammation in response to intestinal stimuli including higher serum levels of several cytokines and chemokines in patients with NEC (33, 37, 51) . Currently, observations in animal models of NEC and in human fetal cell cultures have suggested that the fetus and preterm infant have an excessive inflammatory response to luminal microbial stimuli. In support of this concept, the expression of TLR4 appears to be increased in a fetal intestinal cell line compared with an adult cell line (16) , and an important factor IB, the inhibitory regulator of NF-B, which regulates inflammation, is developmentally underexpressed (8).
Our animal model was derived from the extensive work of Ford and colleagues (19, 36) and included three key components: maternal separation stress, deprivation of optimal enteral nutrition, artificial feeding with cow milk formula, and hypoxic insult. Both our previous and current studies underscore the intensity of the inflammatory response in this NEC model, with a heightened intestinal tissue expression of TLRs and increased proinflammatory cytokine (TNF-␣ and IL-1␤) production, which precede evidence of histological injury (30) .
Role of probiotics in the prevention of NEC. The commensal intestinal microbiota represents a major modulator of intestinal homeostasis. Inappropriate initial microbial colonization in preterm infants is an important risk factor for NEC (9) . A delay in intestinal colonization by commensally nonpathogenic bacteria, Fig. 4 . Expression of Toll-like receptor-4 (TLR4) protein in the ileum. Tissue lysates were prepared for Western blot analysis, and 50 g of total protein were loaded and immunoblotted with anti-TLR4 antibody with ␤-actin as a loading control. A: typical blot. Numbers represent number of animals examined in each group. B: relative densitometric values, means Ϯ SE. Groups studied were as follows: 1) dam fed (n ϭ 6); 2) formula fed (n ϭ 6); 3) NEC (n ϭ 12); 4) NEC ϩ 17938 (n ϭ 12); and 5) NEC ϩ 4659 (n ϭ 12). *P Ͻ 0.05, NEC vs. dam fed or formula fed;
## P Ͻ 0.01, ### P Ͻ 0.001, NEC ϩ 17938 or NEC ϩ 4659 vs. NEC.
particularly bifidobacteria and lactobacilli, and colonization with potentially pathogenic organisms often occurs in preterm infants due to a unique environmental exposure. Contributing factors include artificial enteral feeding, treatment with broad-spectrum antibiotics, and the introduction of hospital-associated microbiota (2) . Recent studies have demonstrated that the microbial community structure in NEC patients (during the time of NEC and antibiotic use) is distinct, characterized by a significant decrease in diversity of microbial species with increased Proteobacteria dominance (59) and possibly by increased gamma-Proteobacteria (32) .
Probiotic bacteria have been studied in other countries for prevention of neonatal NEC (5) . In the recent review of Caplan and Frost (5), there are nine published randomized, placebocontrolled trials and one historical cohort trial designed specifically to measure the outcome of reducing the risk for NEC in premature infants. Taken together, these studies showed significant a benefit for probiotics such as Lactobacillus rhamnosus GG, Lactobacillus acidophilus LA5 and NFCM, Bifidobacterium infantis, and Bifidobacterium bifidum to reduce the risk of NEC (5) . A second recent meta-analysis also suggested efficacy (12) .
Several probiotics have been studied in the animal models of NEC (20, 24, 25) . For example, Bifidobacterium bifidum reduces apoptosis in the intestinal epithelium and improves intestinal integrity in the rat NEC model (24, 25) . Lactobacillus bulgaricus prevents intestinal epithelial cell injury in a similar rat NEC model (20) . L. reuteri is a promising therapy for many different conditions, including diarrheal disease (47) , infant colic (50) , and Helicobacter pylori infection (21) . However, the impact of L. reuteri on NEC in animal and human has not been investigated. In our current study, we first found out that both L. reuteri strains DSM 17938 and ATCC PTA 4659 could increase the survival rate and decrease the incidence and severity of NEC. In particular, strain 17938 was better than 4659 in that it showed greater survival rate and also reduced formula-associated inflammation and death.
Differential modulation of inflammation by L. reuteri strains. L. reuteri has antimicrobial actions conferred by its ability to convert glycerol into a potent broad-spectrum antimicrobial compound, reuterin (52) . In addition, the immunomodulatory properties of L. reuteri strains have been studied in vitro, and strain-specific differences have been observed (22, 28, 54) . Some L. reuteri strains (ATCC PTA 4659, 5289, and 6475; Refs. 22, 23, 28) have the ability to produce small (Ͻ3 kDa), secreted factors that suppress LPS-induced TNF production in primary monocytes, myeloid cell lines and macrophages, whereas others (ATCC 55730, DSM 17938, and CF48 -3A) are incapable of reducing TNF production (23) . Genomic analysis from four L. reuteri strains suggested that these strains can be divided into two different groups (strains 55730 and CF48 -3A in one group, and strains 4659 and 6475 in a separate group; Ref. 38). L. reuteri strains from these two different groups differed according to their immunomodulatory properties (22, 23, 28) , ability to produce reuterin, and tendency to form biofilms in vitro.
However, in both our LPS-feeding inflammation model described previously (29) and in the NEC model in our current study, we noted that oral administration of several different L. reuteri strains including DSM 17938, ATCC PTA 4659, 5289, and 6475 significantly reduced intestinal inflammation. Both strains 17938 and 4659 increased NEC survival and decreased the incidence and severity of NEC. In an ex vivo experiment for analyzing phospho-IB activity, we found that both live strains significantly inhibited the activity of phospho-IB induced by LPS in the intestines. Moreover, the phospho-IB levels were reduced by L. reuteri stains in the intestine in the rat NEC model. This inhibition, combined with downregulation of TLR4-related gene and TLR4 protein expression in NEC intestine by both strains, indicates that TLR signaling was modulated by direct interaction of live probiotics and the intestinal epithelium (including epithelial and/or immune cells). Thus, at least in part, the mucosal immune system plays Fig. 7 . Cytokine levels of TNF-␣, IL-1␤, and IFN-␥ in the intestines of rats with formula Ϯ 17938 feeding (no hypoxia). Newborn rats were left with their mothers (dam fed) or separated from their mothers and housed in an incubator for formula feeding only without hypoxic exposure. L. reuteri strain DSM 17938 (10 6 CFU·g body wt Ϫ1 ·day
Ϫ1
) was added to formula. Ileal tissues were homogenized in a lysis buffer containing protease inhibitors. Tissue lysates were examined cytokine levels by using MSD multiplex cytokine assay; n ϭ 6 -9 rats per group. Comparisons were as follows: a,c,e formula fed vs. dam fed; b,d,f L. reuteri strain 17938-supplemented vs. formula without 17938. Strain 17938 significantly decreased formula-induced cytokine levels in the intestines of newborn rats. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. Fig. 6 . TNF-␣ (A) and IL-1␤ (B) levels in the intestines of rats with NEC compared with rats with NEC fed with supplemental L. reuteri. Tissue lysates were examined cytokine levels by using MSD multiplex cytokine assay; n ϭ 6 -7 rats per group. a Groups were compared with dam fed; b NEC group was compared with formula-fed group; c groups NEC ϩ 17938 or NEC ϩ 4659 were compared with NEC without probiotic. Increased cytokine levels in NEC were both decreased by strains 17938 and 4659. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. a mechanistic role of inflammation reduction in response to L. reuteri.
Previous studies (11) from an animal model of NEC demonstrated that inhibition of NF-B by a NF-B essential modulator (NEMO)-binding domain (NBD) peptide that selectively inhibits the critical upstream IB kinase (IKK) decreased mortality and bowel injury (11) .
The mechanism of immune regulation by the different L. reuteri strains is still incompletely understood. Recently, metabolic pathway reconstruction and genome-wide expression profiling from each of two groups of L. reuteri (ATCC 55730 and ATCC PTA 6475) have been explored using metabolic modeling and transcriptomics (48) . These results demonstrate that both strains contain candidate genes involved in bacterial survival and persistence in the gut, such as genes encoding mucus-binding proteins and enzymes capable of scavenging reactive oxygen species. Both strains were predicted to produce health-promoting factors, including antimicrobial agents and vitamins (folate and vitamin B12). Additionally, the complete pathways for thiamine biosynthesis and an exopolysaccharide synthesis were uniquely identified and predicted in strain 55730, the parent strain of DSM 17938.
The differential effects of L. reuteri strains on inflammation in vitro and in vitro implicate an interaction between probiotics and immune cells (most likely dendritic cells and T cells) in the intestinal mucosa. Recent studies (55) have shown that Bifidobacterium infantis 35624 induces Foxp3 ϩ regulatory T cells (Tregs) in mucosa, which are known to provide key antiinflammatory signals. Importantly, adoptive transfer of the Tregs transferred the NF-B inhibitory activity (42) . Similarly, the combination probiotic VSL#3 ameliorates recurrent Th1-mediated murine colitis by an early increase in numbers of IL-10-dependent TGF-␤-bearing Tregs (14) , associated with an alteration in the distribution and phenotypes of dendritic cells in the intestinal mucosa (58) . Our study shows that both L. reuteri strains significantly increase the expression of IL-10 in NEC. Future work will be aimed at determining if L. reuteri modulates Treg numbers in the prevention of NEC.
In conclusion, our study demonstrates that human-derived L. reuteri strains DSM 17938 and ATCC PTA 4659 reduce intestinal inflammation in experimental NEC. The mechanism of action involves (at least in part) reduced signaling via TLR4, leading to reduced NF-B gene transcription. Our results support the concept that L. reuteri may represent a useful treatment to prevent NEC. They also support suggest that cow milk-based formula-associated inflammation in the newborn intestine is ameliorated by L. reuteri.
